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- transistor pulse response fall time 
t\VI I 
- period of input signal 
- tunnel diode switching time 
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- transistor colled,tor to· emitter voltage drop 
:l 
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- avalanche transist'br breakdown potential 
VH - avalanche transistor holding potential 
... 
IA .- avalanche transistor collector current at VA 
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Abstract. 
~,A pulse c:ounter using t11nnel diodes and an avalanche 
transistor has been designed and constructed. The counter 
• l / ( 
was designed to operate on pulsea of approximately two 
• 
nanoseconds duration and at a repetition rate of up to 
3 x .108 pulses per second. In its present form, the pulse 
' 
counter will count up to five and reset itself, thus pro-
.} 
--- ---· --~··-· - - ·-··. ----··--··-·. ···- dueing d.-ivis ion .bY five. · The ··reset time of· the counter 1-s-----------·-----~--,, ---·-·------- ----
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on the order of two nanoseconds. 
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I. Introduction. • 
Tunnel diode pulse counters ·have been constructed and 
made to operate at repetition rates up to three 
megacycles.(1),(2),(3),(4) The primary sPeed limiting 
factor is the response time of the circuitry needed tq reset 
the tunnel diode series circuit o See Figure .. 1. 
The operation of this device is relati"lely simple if 
~---~- __ .. _____ -~-· the t.unne.1 diode\ is treated as a .tw_o terminal bis table ... ·-""-"'"·····-·--·-·•···--·----·---~- ···-- ..... -7 •.. -----· ·------···--------
.. 
--
·~-~;._·.·. 
--~· 
r 
,' 
' 
\. 
p • 
deviceo Th~ tunnel diode is discussed in Appendix B. For 
the present, let us assume that a device exists with the 
voltage-current char~cteristic shown in Figure 2. As can--b.e__ 
seen from the characteristic, a load line will intersect the 
curve at three points. Points (D and Q) are stable but 
point @ lies in a negative. resistance region and is un-
. . ,,..::_·~- . 
··"/ 
stable G 
~ 
· If' a tunnel diode is initially in state (y it will 
remain in this state until enough charge is injected into it 
to raise its operating point to the peak of the diode char-
acteristics o It will then swi teh to position Q) which again 
is a stable point o The amount of charge needed to dot ;this 
-· be computed follows: can as 
Q - C V (ll -
Q - CTD (Y3 V1) ,.,.I (2) - -
·- - .. - ·- ~- - - •-. - ·-· ....... - ..;· -· -- - - - - ,._ - - - - - - - - - - .- - -- - ·- - - - -·· - - ·- - - - - ..; - . . . -- --------- .. - --·--------------
- -
-
- i-. - .. .. ·- - - ..... . 
~~ --·.· ·_· · ... :···::-~· _:~·~-:- ~=~·: ... whlfMf ·ecrnu·".i: s :xief ined .as .. th_e. shun·t· . ~air.a·e.11-~nce --o,.f ·-t-h& -twi-Re-l-~·---~ _-:~ ~- ~· .. --:- __ 
.-
' 
... . -:- , ' ........ -·· . - . ,. .. . .. . . . -·-. . . . . 
.. ,- -=--" 
- . - . - . 
. . .• ·-- ....... ··• -#<---- .._. ..... - - .. # • • .. ,I" II" ... ,. - .... 4 .... ':,, .... '. - .. - - • "" • ~ .,. - • I. • ~ .. - - ~ .,. ........ - ... - .,, ... - ....... ,, ... - ..... ,r. - • · .. " ...... #Ii " .. --
• (1) See·References section at end of thesis. 
l ·~ I •. .. 
.. 
diode and V3 and V1 are the stable operating points as shown 
on Figure 2o 
·It the load line is hearly horizontal, that i~, it the 
tunnel diode is driven from a current source, the current 
through the diode will remain constant and there will be no 
other effect on any series elements associated with tpe 
tunnel diodeo Thus the tunnel diode is ~~,.~~9le and may be 
switched-by a voltag~ source. If several diodes are con-
nected in series, the resulting voltage-current charact~r~ 
istic will be as shown in Figure 3o 
If a ·voltage appears across the series string or 
tunnel diodes, it will divide .across the diodes. rr all the 
diodes have exa.ctly the .same voltage-current characteristic 
and the same capacitance, the voltage will divide equally 
across each diodeo If, however, the diodes should have 
slightly different characteristics, one diode will have more 
voltage across it than on any other diodeo If th.e total 
voltage on the series of diodes is n times the necessary 
switching voltage of one diode, the diode with the larg~st 
voltage will switch to state two. This process will be 
~ 
. 
.. 4' ""' 41A: • ,& .. ' ....... 1P, '.....-: 
·repeated n times and the entire str·ing of diodes will be 
,J 
i 
I 
,I 
I; 
I 
I 
I 
1:. 
I' 
r 
II 
~ 
' .. 
. 1 
,' 1 
., 
,1 
• I 
I I 
l::; 
i.. - < I 
[ .. I 
I 
I 
J 
""-:E 
if!i 
··, 
J 
,,l."~...,...~~-,_~1.,~.,:•lJlt:::lll;.....-.•,,,1.•••·r1 1,,,,., .. ,,., 1 ,•.l .. '''··.•···1,•r.,.,·, ... , ... , .. ,.,, .. ·· ,,, .. , . . --~~a,;;~!W ---.............. ,<8,,ltt1."+.·~~ .. *',.""·•"" ~ 
switched. If a device is available to determine when all 
diodes have been switched, division by n will have been 
.. ... -· -· ... ~· . ~· . .. ..... - -· ~ ...... -- .. .... .. ... ... . . ....... 
·,_ ·• .:..• 
., '' ~. -· .. - - - . - .;.., ·- -- ... .. ... •· . . 
a"' ---ompl 1 abed -- ......... -- ...-. ,. ·-·---- ,...., ............ _ ... .,. .-,,,. ...-..-............ --~- ~- ......... .,,.... •V- ...,., .... 411}--,_...- ,-. - -~ .. ( ......... --- .......... , ....... ...- ...... ~ ... ·---:-~- ..... ~ ....... .. .. .,,.,, ..... , ......... _,._···-fl" ··- .... ~-, '-••-·ff·.· ~""'1 -~- _...,_~_y...,,... .... UJ. . . ~ ~- ~ -~ . . .- .. . . .. ... ... .. - .... - -W • - -· -·- •• ·- --- •• •• •• ~.... • .... - ·-· ··- - • 
- -
- .... - - -· --
- -- ·- -~ .... - • --
.;; • -!. ,,, '"'."'. ·- ... ~ .... ·-
- - .- 0:-- ~ - - ----
-· 
. . ... •_ .• ·'· 
-·-After all n diqfie.s_ have b_,,.§n .swi t.ched to thei.P- high 
• ~~ 0
0 
• • • • • ~ • • • ., • • • ' • • ' f ~ ' ' - • ~ : '"' • • , • , 
7 
_, - " , .. r • • ' • • , , , • • , , • • ' I ' ' I ' •' J 4 ., • ., • ~ ; . . ' " I ' ' . 1 • .. ' • .o, _, .., ,o " • _. * ' '' I O ' ' -
vol ta.ge sta-te., ·additional pulses will have no effect --On- the 
series string of diodes _except to move the operating point 
• 
\ 
\ 
-
•.. . . . ... . 
--- .. . ...... . 
-( " 
i 
·i 
J 
. •. • • •, , • ' • . ' .. ·.·.• \ • . •'I • ~' "I • :• • ,• • .'. l •• 
, 
or·each diode along its load line and return it to its high 
voltage condition when the pu-lse is removed. It is necessary 
to reset all of the diodes to their low voltage condition in 
order to repeat the division process. In several other 
author's circuits,(1),(2),(3),(4) 1this has b~-en accomplished 
by the use of a resetting transistor which, after the nth 
pulse, saturates and shorts the top of the tunnel diode 
string- to groundo This causes the operating point of the 
diodes to f'all -- tG the satu-ratio:n voltage- -of the re-set tran----------_ --------- · ---------: 
-. 
sistoro When the reset transistor turns oft the voltage on 
the tunnel diode string again rises ton x V1 and the cycle 
is ready to be repeatedo 
The primary limitation on this type of.circuitry is 
. I 
the total turn-on and turn-off time of the re~et transisto~. 
Figure 4 shows the times involved in switching a transistor. 
Tha___ max~mum ___ s11e .. e.cL ... o.L ... the __ r_e_aet .. ci rcui_'trt and hence the 
divider is thu,~ limited by the total turn-on and turn-off 
times of the transistor. 
Total= td +tr+ ts+ tr (3) 
From the timing diagram., Figure 5, the required turn-on and 
/ "' 
turn-off times can be determinedo 
~-··-•.:-..-•1·,,.,._1·-·.-·, ..... ,., ... '.,., .• , ........... , .. ..;.•,.•,·. '•.. ..... :- ',_•J ·.' '' '·' '··- ' ·, · •. •. h1 ,..., .... 1 ••. , .... 
!~.,Jean be seen from the diagram that the transistor 
~ 
- - . 
-·- -----mu-s-t·turn on-·and turn off in less than one period, T, of the 
I 
·1 
,' 
I 
I 
II 
:] 
,11 
input signal o __ 
I ~ ! 
,. ~T" 
.,.,. • - ... .. ..... ~ ~ ~ ~ .. •• ~ - ... ...., - -....... .;_ - J - •• ,,.. - --· .... -.~ ........... ~- ..... ~ ~- ..,. - .......... ·"" .... ~ 
---:_·· -:.._ -: : .: -: _;:: _,,--: --_-: -:_·": ... _ -._ ...... _ -:-_--_ -.: : -~-: -~~ -._ ~-- :~ --~ ~ -_ --·-· -·~ .:.""~ :_-- :..--·~ _- -- • ..: ~ ·.:.·· __ ·- • - - • &) • - -- • - - - - - - - - - ,_ - -- •. - • -~· -. - - - - - ·- • 
Thus: 
...... -- ~--- ----- .----
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t_n + tr + t 8 + t:r < T = ? , (4) . 
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5. 
where f is the frequency of the input signal. Thus ,for a 
given transistor the maximum frequency of the operation may 
..... 
be determinedo 
f = 1 {5) 
tn + tr+ ts +.tr 
In both equations 4 and 5, the switching time· of the diodes 
, has been neglected·o This time is quite small in· comparison 
with the tu-rn-o'n and turn-off times of the transistor. It 
.~ay, however, be calculated from the following formula: 
where: 
and 
tR = . ( 6) 
Vfp is the forward point voltage shown on 
Figure 2 
Vp is the peak voltage shown on.Figure 2 
Ip is the peak current shown on Figure 2 
Iv is the valley current shown on Figure 2 
CTD is the shunt capacitance of the tunnel 
diode 
For a typical tunnel diode, with Vfp - Vp z 0.5 
., 
volts, Ip - Iv~ Oo70 ma, and CTD = 10 pf, tR is approxi-
mately Oo7 nanosecondso Typical turn-on and turn-off times 
for fast transistors are in excess of 20 nanoseconds. Thus 
for high frequency operation, a reset device faster than a 
transistor operating in the normal mode must be f.ound. ~ ·--
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II. Pulse Counter Using An Avalanche Transistor • 
. 
. 
. As can be seen from the timing diagram, Figure 5, it 
is' necessary that the reset circuitry perform its function 
in less than one ·period of the repetiti~~ rate of;the input 
pulseso As·explained in the previous section, a conventional 
transistor is not capable of switching, -at high enough speeds 
to allow high pulse repetition rateso An avalanche trans-
istor, however., is capable of switching times on 1the order of 
.one n_anosecond and thus suggests itself- as a resetting ele--
ment for high speed pulse counterso Avalanche mode operation 
is explained in Appendix Ao 
As explained in Appendix A, avalanche mode operation 
depends on the breakdown of a highly reverse-biased 
collector-base junction. In order to allow the reverse-
bias to reach the breakdown voltage., the base of the trans-
istor must not follow the increasing collector voltage. This 
could occur since the reverse-biased collectot-base junction 
.. 
exhibits a high IcBO which may cause a voltage drop across 
the base resistoro This can be avoided by the use of a small 
base resistoro The collector load resistance must be small 
·enough to pass IA, the minimum current reaui:r_~d .... to trig.ger ---· . ---,, . ' . 
. -· ...---~- -·- --~- --"-~· °'"""''".;...,....... . _ ___,_ «- .. .. -- 1,1- .... t-· ........ - ,.~ _. __ VJ.•• ·- ~ ... -·- - --· ..,.. ~- - .. -. ' • ' ·-- ......,. ,,_.. ..-- ~ .-- ...... ._. .. ... - " . .. "' 
avalanche br~akdowno This. resiiftance must also be large 
4 enough to prevent thermal destruction of the transistoro The 
!] 
I. 
I 
! 
--- -------,--------------------· ---- ---- _ _, '.! 
:-} 
,, 
,,,.. 
I I 
I 
~~I 
_ ... ~ _ ... _ __ _ -~ ~ _____ ~q).l e g tQ.~ _ ctLa.r.fl~.te r.l.s tJ_c.a_ ,o f._-t\ typ i.c a.1-- a va-l_enc~~~~raiis1:sto:.r-, -.. -·-· ~- ~ -
:··: ···: 
··--· ·-· ~he NS - llllJ are plotted in Figure 60 
- - ...... ·-~ 
... 'I- - ... '• ....... '"' .... - ....... 
-
•. _ .. -·· .... -- ... - - - ' - ---- .... .-, -----
. -·· 
A pulse counter using this avalanche mechanism for the 
-reset function is shown in Figure, 7 o The operation of this 
/ ' 
---~-----~--·---
1 
) 
i 
.. · 
-~--· 
-,._._ -,·.·. 
10. 
circuit is relatively simple and a qualitative explanation 
follows. 
To understand the operation of the circuit it is first 
necessary to look at the voltage current characteristics of 
a string of five tunnel diodes in series with a load resis-
tor. This is plotted in Figure 8, for the diodes used in 
the pulse counter circuit. As explained in the previous 
section, five successive pulses will ca~~e the total _ vol t~g~t ____________ .. ______________ _ 
drop on the five diodes to rise _from 150 millivolts to 2.3 
volts for a nearly horiz6ntal load line. The nearly hori-
zontal load line is critical to the operation of the reset 
circuit~y1 an~ its function wil} be explained later, If the 
current in the diode string in Figure 7 is maintained at a 
constant level, the voltage at the top of the diode string, 
/ 
that is, Ve, will rise with each switching of a tunnel diode. 
When Ve exceeds the avalanche breakdown potential of transis-
-tor Q1, the transistor will breakdown and Ve will fall to the 
holding voltage, VH, of the avalanche transistoro The reduc-
tion of the voltage available to the diode string causes the 
current in the string to fall to less than the valley current 
~........ '-~]J. 
1 
~._..... .. .M, .. ,., ........ ,.,~,,..,.,,..._ """"'._.'At .. ,1,,, ..,4)t"• , .. .._-(. ,_,~._,-,, .• '\,\·•·"'• "" , •. , .. ,. •-•"""' ,_ o<..t'"#C • ••"'• ,. t _. ,.._, ... t \" ( , . ._ , , .• ,.~-yf/11- ·-·.-•~ ,'<'-'-- ;.,._,...,...,..~lft't,., .. ~~~•_..111"••·••••_.~,,.. .. ~ ....... ,..,,.1,, 1:·-,•t . .,., ._,,,., 
of -the diodes and -thu-s- forces the -Liiodes to reset to th-eir · -:--- ··-
low voltage stateso .-~ ' An output pulse is obtained by coupling 
to a tap on the load resistance, RL• The output pulse occurs 
r 
--· · ~-· __ - ............. <_. -- ·· ~~1.--·-t'"ime·· ~ ava·la:nehe·S·i· .. ----Thi.-s ¢·iT-C·ttit~·- will d-i-v·i.q:fr~O.y· :~_&·i·th-~r_.:_· · ... · .... · ..... _.:. _ 
- -five or-six depending on the relative bias levels· and input 
.,. • - - • .- • .- • .,. ... • :.~ :·•. • ~ .,. AS • - • • • • • ,. ,. .- •· • • - - • - - - - ,. • • • • .- ,. • • • _. •· • 411 a .,. •· • .,, ,. • • • ,. ,. "" • "' ,,. • w .,. • '11"· ~ • ,. • ., 11 • .., • • • ,.. a .,, ,. ,, ..._ • ,, ., "' IP ~ • ,.,. :a , • , ,. • 4 .,. ._ ~ • •• N> • • .\ • r, 11, • • ,. ic: Ill ff • r. a •• • ·,• ,r • •· •· • Ill 1 4 • ,· 
·~- ~ . ..1---......-· 
r 
pulse level o As stated before., .. the condition for avalanche 
is that Ve exceed the avalanche breakdown potential of Q10 
.I) 
. I ' 
This can occur in two ways: the first is by successive 
stepping up of the diodes, Figure 9, until the fifth step 
exceeds VA thus causing avalanche and division by five; 
11 • 
the second mode of operation depends on the stepping up \' 
of the diode voltage to a level less than VA, the sixth 
pulse then adds to the five steps of voltage and exceeds the 
avalanche breakdown potentialo This is shown in Figure 10 and 
has been observed in actual operation of the circuit. Both 
modes of operation are shown in the section on the experi-. 
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III. Circuit Analysis and Design Equationso 
The analysis of the circuit presented in Figure 7 may 
be broken into two parts, d.c. and a.c. The critical 
operating. conditions of the circuit are p~imarily d.c. and 
' thus the d.c. analysis will be undertaken first. 
The load line of the tunnel diode string is derived 
from the followingequationso (Figure 11) 
\ 
Ve - VBB = Il RD +- VTD 
Ve = Vee - I2 RL 
I3 = f(V 0 ) 
------·--------~--'·'····- -- ~- ----ff) 
(8) 
- - ., . ..-,'--;--·. ---:· . - . ' 
. ' --
I2 = I1 + I3 
·-
(9) 
{10) 
If I3 is relatively constant, most of the change in I2 
4 
will be due to I1 changeso The value of Rn is critical to 
the operation of the circuit. As stated before, the diode 
.load line must be as close to horizontal as possible. 
Figure 12 is a plot of the effect of the value~of Rn on the 
voltage swing, /l.vc at the top of the diode string. It can be 
seen from the chart that a certain minimum value of resist-
ance is needed to allow a positive voltage swing with the 
switching of each diodee This chart was derived from 
amperes. A'load resistance which is too low allows the 
current to vary enough to cause any gains realized in vol·t-age 
. . . by diode. -·~~~-~-'?:tl.~~g ___ to l:>.~;t. _ca.nc,ell~~- QY--~-~-4JlQ~-d-~~-yer_l-t.age -~~rtrop.- - -~.:..· · ___ --~-~::..··-~:_-·:::..~·:;.· • '•"••·••· • .......... ~ ..... ,•wa,,>rll" __ .....,._ -· ., ..... -- -• ·• •• ,••'· ... .- -... 
·- - • ·--• -- _ ... 
... ., .. • .. • •• 1 • .4 • .. • ~ • 
--... ·- ___ ......... .._..... . . -·'-·~ .... ·-- ,._ .. ..,. _ ....... _._ ____ ----·-: .. ~ - ·- - -- ···- ,,_ ··- ··-- . 
across load resistor Rne The value of Rn is c.~.<?~-~~ _.from "t;wo_ 
....... ·- -· -·- . 
•· • I • .., ol J .; " I ' ., ,t -' • - • ' :. • • • • • , • • • • • • • • • ~ • 
considerations: first, the available voltage at the collec-
tor of .Q1 just prior to avalanche minus the bias at the 
···-'"'""' . · .. 
. . . 
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bottom of the diode string must provide the necessary diode 
/ 
c1i' 
maintaining current; and second, the minimum voltage swing 
needed to qause Ql to avalanche must occur at the top swing 
when the last diode switcheso The horizontal line in 
Figure 10 represents this voltage and the value of load re-
sistance must be chosen to cause the voltage swing to lie 
above this line. These two considerations are to some 
extent contradictory, since the first ,requires as small a 
value of Rn as possible· to produce as l.arge a maintaining 
current as possible, and the second requires as large a 
value of Rn as possible to p~oduce as large a voltage swing 
,,, 
as· possible. 
Before Rn can be chosen, VBB must be decided upon. 
The current through the diode string is determined by 
Equation (7) on both the set and the reset cycles. In 
order to reset the diodes their current must be reduced be-
low the valley current of all of the tunnel diodes. Ideally, 
VBB should equal VH, the holding voltage of the avalanche 
transistor. This would cause the·diode current to' go 
slightly negative. 
• .• I L, •. • 
.. . V0. ~ .VBB~·11 .Rn +. VTD-· ....... "-·:::: ,,_ .. -. ·.· (7) . 
• 1· :· ,.·:~ • ' ; • .• -· ~ ·' . • .•.. •• • . ,• • ·, '." - ! '. •.· .·' • . . . • ., •· •. • -·- ._,, " ··~ ..,. ... . ... ."4!·, ~:-. • .... ~ .... ·-~·t-.i.,:•_-.' ... -~""' :.•..:.r ............. ·~ ... ··-· ........ ·. • M •• - ',' "~-·.:-·:· •• ."·: • ·-··" ··""". ,.. ~'.':':'":' .. , '.--~:-. I ~'. .... -",·.•"':-Y,._,,,._,,~:'I,...,. •• -'-'·"'• ......... ..,. ......,._~ ..... "' .... -.~Ar--..._.~ ....... ':- :_~1'¥· • '· '-:-:· " - . .. ~ •••..• ·--·· ,,.. 
... 
. . . - - - - .. :: . :_ ;.. .~ -· - :...; ·- Ve-~ vH-~ VBB (11) 
. .. . ... . . I 1 = - ! TD < I v . ( 12) . . 
._.. _ .... ·- ·- ..- -i. ·-· -.,£•:.:,·:~;...;.:. - _,-: - .- ___ , ..• •. -·~ .-·~ -:- .--. ~-- ::.-=~-::.:~.~:..:..::~·/, :~~ .. :··-~·'. .. : ·-~~-- : .... : ...... ·. : ..... ;, .............. ···"·'"······· ·- .... :.-- .. ... . .. ..... ·- .. *•-· _ :· •.. ~ - .• ·-
··--·-- ·-·----.. --- .. -- Ariy value of VBB which will cause Ii .. -to ··oe· -·1Erssc -tli-an .. I·;,· ·wtl-1 ·- --~: __ ::._ .. 
··cause the diode string to ~~-~et. Thus Equation (13) deter-
. ... . .. . ff11I?-t,S the value of YBB and Figure 1~ .d_e~eI'Illiiles_ the va~\le _of __ 
R_Do 
: ,t•" 
- -- - ~"'· 
,1 ~""~·· 
.f .. 
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(13) 
where VTD is the maximum voltage across the ·tunnel diode 
string determined from Figure a.· A graphical solution can 
be performed to determine the maximum permissible value of 
\ I1 in the set ···-c .. condi tiono To facilitate understanding of the 
above, a sample problem will be solved by trial· and errqr. 
ExamEle 
Given: 
' 
l 
~ ,. ,,._ 
VH = 20 volts 
VA= .56 volts 
- ~- -- ,_ - -------- - --- - ---- - ~ - ·-----
- - - - - - -- - --·--- _._. _____ _. 
( 
diode characteristics as shown in Figure 8. 
Solution: 
As shown in Appendix B, we would like the 
maintaining current in the diode string as high 
as possibleo Pick I1(maintaining) to be 0.5 ma. 
From Figure 8, 
Ip= 0.90 ma 
Iv= 0.15 ma 
VTD (max)= 2.35 volts 
This last value naturally varies with load line but the 
variation is small. 
c, 
If we draw.various load lines from the 0.5 ma point on 
Figure 8, and use Equa.t!on ( 7) we will get a .... curve as plotted . 
·--. - .• ..._.,... 
. . ... -.,. ,. , -- .. •· ...... . ... ,,.,,..,_ ...... . • • •.• :: _.·:~ • .•• , .•••• , ..•• ·•••··•·•· .,.. .• , •• ,~ ..... _.," .. "''"'.: .. ,,.-....... · • .., .......................... ...-...\11';_.:-. ..... ~ .. , ... • ~-
in Figure 120 From Figurer ·12-we can' determine the mi-nimUlll 
value of Rn needed to switch the avalanche.transistor. 
R = 12.5 Ki}.~ohms 
........ -~... • ................. -~··· •••• · ... _. .... ··:°, .-. .••• -. - .... ; .. 
.... . . -~,- ·-···- ..... ·-
· · •· ... · •· •• '""-"'t. ~ -~f~•-;".'"'.,...,,.. .: __ . .... -~ •. ,:.,~ ·::_ •c""'~ ,r. ·-. ·- · 
.... ---.. -- -~,.-... -·, -..- ··1t .• ·- ...... -· -·- ...... -·- .,_. __ .,, -.!'·---· . ....... - - . -· ... - -· ~· ... -- ........ ~ - .. --· .... - ·~ - ... ~. .. ......... -~ -:·.:'"'~ .... ~.: --~ ~·~ ........ -.,_:---: .... ·-· ...... - ........... - -- --- -- _ ... - - -· .. _: .,.'. - : .. ~= -· ----- --- -- ··- --- -- ·- -- ·--·· ---·- -·-"' -- --- ·--·J - -·-- -···· --- -- ·-· ... ___ ........ • •-· ,.. ·•·•_...,._, ... , .... •••, ~-;.:0,11>-.o r.>N,1,1 .II, 
. ··-.- .... . ··.- ... -·... -:-'·'.· ---........... .. __ .. _..., .. 
- -- ,. " ;: ,, -
. -· - ~ --- - ':-.· . ··-=--., ·-=; .:-'": ~-- __ ·:;·._:.,."':" ... -. - - ~ :- -·. - .. -.. ~ - ....,., ·-·--: ...... --, '· . ..: - - ""- - - - - - .. ·- -
.. • " ~- ··-·· --.. -........... " ... ~ :· ··"!'·.-._ 
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Now from Equation ( 7) 
I 
Ve - VBB - I1 Ro·+ VTD ' ( 7) 
56 - VBB - ( 0 .5 ma) (125K) + VTD -
- VBB - 62.5 - 56 + VTD 
VBB ::: .. 6.5 - VTD 
When diodes are in low state VTD = 0.15 volts. 
Thus 
VBB = - 6.5 - 0.15 = 6.65 volts 
Now having determined VBB and Rn, we will check to find if 
reset is possible. 
V = V - 20· C Jr ' 
20 + 6.65 = I 
VTD = VTD (max.) 
(125K) + 2.35 
I1 = 2~~0 ma= 0.194 ma 
. 
(7) 
Thus with this set of parameters, it is not possible to re-
set the diode string since I1 is above the valley current, 
Examing the variables, it is found that Rn is limited 
primarily by the load characteristics shown in Figure 12. 
Figure 12 will be essentially the same for ranges of 
i~ 
(. •• __,..,..,,,.. •• • • -.......... ··- • ,1--~ 
·,;. 
~ .-- ..... . ..... . •· ~ 
J ·- --- · · --- ·· - -~-·_ .. ;. ;---·-' ·---··-cu1--"re11t fro·m -o. 30 ma tG O. 80 m.a.· due· to the approximate 
•;° • . • , ·~-, ,, ., • \ ,-, ,, • • ·.• ..,,,;.•·,,. , •• ,: .. ,.l, . ~ . . ,\,·,,., /,-,,,.,•"' ,\••, ,,•,. r ,,,._,, , .. , .•,'o'., ,,'I.,, ..• ,,;·,_, I••• ,. 4 •. ,~,I•,.•'•• •o.:i*':"• .,•,I'-.·::•• ,.._.,,,,,.,,,,,.,--...••, .. , •. ,, ... -•• • •• ..... ~·"1:•:-,{,."14~.1_.. ~ • d.,.fl~.,.~----.' 
J (.; 
...... ,~-. . .. 
I 
.. ~ ,- - . ·r 
linearity of the diode characteristics, Figure 80 Thus Rn 
is not a variable we may readily changeo The other avail-
. ' - . - ' - ..• - .. .. . ·~ . 
--· ·-·· -· .. 
mined by -Equa-tic'n ( 13) and- e.lscr is- not really- a variabl_e 
,. 0 • , • ., ,,, ._ .,_ •, ~- _,, •, , •• ,_ "I. ,_, _. •• , •" _,.. ., ~' >• ; • ·• _,, .. 'O • ~ a _ ;, ,> , , - <• _, :.. , "' " -• ,- ~ , • ., s, ~ ~ .J , • • ~ • A • .: , o .:;: ., • • ~ •• JO _. 4 -~ ~ •' , ,> - l ,I.. I • • I• , ,& .i , :1' ;" ,"' ~ •. " ~; •, ·.to ... ;, ,, _;;,. "' ' 
,~----~- .. ------which.m.ay .. be. -Changed.at ·w111.· Thus "th~-oniy·-·ava"iiable ·- --·--·. - ~- -
l 
,J' 
,/ 
• r 
' 
variable is r1 (maintaining). -~-
( 
·lao,,ir. 
,· 
:i': 
.. _., .. 
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Let us-now redetermine the parameters of the circuit 
. . 
using I1 (maintaining) equal to 0.4 ma. 
Solution 
I 1 (maintaining)= 0.4 ma 
.. 
I = 0.90 ma p 
Iv = 0.15 ma 
VTD (max)= 2.35 volts 
From Figu·re 10, Rn = 125 kilohms 
/ From Equation 7 
56 - VBB = (0.4) (125) + VTD 
+ VBB = + 6 - VTD 
when diodes are in low state VTD =-0.15 volts. 
VBB = + 6 - 0.15 = 5.85 volts 
From Equation (7), on the rese~ cycle. 
Ve - VBB = 11 RD+ VTD 
.. :·20 - 5.85 = (I1) (125) + 2_ .. )5 
I1 = 0.094 ma 
This·value is small enough to allow reset and in fact is low 
enough to allow r~set even if only four diodes should switch 
at once • 
L ··.,,.,.,_-. "•':• •• 
••• • • • . •• M-..,•-, ; •, - •·--•"')"n'-• :;;. -~.'"'---- f:l•.5,.»o-, = (·• '!'•••1' "}'"'~- (~ ·,1, 2•· ·5· ) • • '+"' ,, 0 .• 5 -• • . . . ._. 
... - ..,, - ,.- -~ .,., . - · .. ·- -· -· · ... , .. · ... C:.. V ::, • U 
. ··- -···.· .... ~ '.-~· .. ·: . -~··-··,--.,- .... ·..:. .. ~. ' ·. •..:.: .. '. .: ........ --. ., .. _,_~:···~.: ,._ 
.......... ,... .... . .. ...: .... ,. .. _.,.....;-_ ..... 
-~ .... ,-4 ... ,-. u .. ..,._ -· - .... ,,,.. _, ......... ~.. • . -~t••~•~-.,... _.. .... , ... , .. -
I1 = 0.109 ma 
The use of .. an avalanche transistor with a higher VA and 
. . --- lower VH will ~ii_Q.l! _th.~., :µ_~_e _of .. , .- P.,~.~~:r -~m~.j__p_t S:.tn:1,p.g ___ ~cY..~,e,o..t .•.... ~· "~ "'· -~ __ ,. __ ~-
·1_ -_• .--. ••. •< .-. • .-, .' ~~ - -· .• -, ~i=.i· - ....... -. - - _, •OOJ - •C .,... , .. ·- -·. .r . . ._.. • ,.- • •• . ._. ""l "-,• .,..~ •,'\: ''"11• -~ ..,... - -•- _._, _ _, -.· - ·- ~-. _-:- -•· .~•~,.~* .. -· :_ -· -• _.,.. "•• _. ·-• .. ·- --• . ._ -· . •- _,, - - - -- __.. ·- - •""·-· ' - ~ .. _ • ,_ .-- ·- ·- -- ·• - ._,, -·- -• -- -••-• --
- - - . -- _ ...... - . . .. . . - . . - -· - ..... - -- ·- - - - __ ,. _ ... - . 
RL and Vee are chosen to allow __ ~~?~g-~ __ '!C?~-~~g_~ __ !i9 __ ~.RP~-~:r __ @.j; ______ --~--------
--------·- -----
.... -------- .... ----- -
- - - - . --
.......... V"' -- ·- .. --- ·~ -- •• 
I. 
the collector of Q1 to permit avalanehe. / 
\ } 
\. 
·' 
...................... " 
(14) 
/. 
.. - II 1lf1Jl. ._..-
.-,~""'·· 
- - . .. --- - - - - . - - - - - - - .... ~ - •· ..... - . 
' 1 ./ I • I I I , p • • ,: ' o ._ i .1, •• ~- • ,-: 
,; 
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As a first approximation, the a.c. equivalent circuit 
of a tunnel diode may be represented by a single capacitance, 
CTD• Thus, the a.c. equivalent circuit of the pulse counter 
may be derived as shown in Figure 13 using the model for the 
ave:lanche transistor developed in Appendix A. 
If C2'>'>CTD and C2 >;> Cac then 02 will be an a.c. short 
circuit. R1 is large compared to any of the reactances pre-
sent in the circuit and th-us may be neglected. Redrawing 
Figure 13, we arrive at Figure 14. 
The amount of voltage needed to switch a tunnel diode 
may be determined from Figure 2. From this figure it is seen 
that V3 - V1 must be developed across_a tunnel diode to 
switch it. Thus five times this voltage must be developed 
across the tunnel diode string to produce a large enough 
voltage change on one diode to switch it. Equation (15) may 
be deri1Yed from this fact and from Figure 14 by assuming that 
the circuit is driven from a voltage source. 
(15) 
The vol t_9=g~:t. Jl.h_§JliEt. Y l~ ~-~-1--·may ., . .h.e d~~~ed · rrom-.F-i-gure · 8~-- ----
--· ··-· ··-·· -· - ---
............. _ _....::::, .... - «.:~-... - '°'-,>f ~ .. ~ ...... ....,. __ . '... . ••••• ' .•• , ••• '. . ,.-... ---··--···· ......... ·-- ' 
Rearrriiiging ·Equation (15); the Viiiue·or··ci may· b·e 8.i--ri~"ad ·li.t~·. . ............ . 
5 ~ C1 = CBC + CTD lt'' (V3 - V1) . .. '(lb} - - - - --( E1 - 5 ~ V 3 - V1) ) 
. . . . .... ' .. . . .. . . . . . .. . ... . . .. . .. . . ... .. . . . 
switch.---Assuming p·erf·ectly matched diodes, that-1s;-dro<Ies 
with identical shunt c_apaci tance, V - I characteristics, and 
lead resistance and inductance, all five would switch. rr, 
. .. 
--· 
, A·· , ••• ~ • .,.. ..."'t.('•"J, •• ,.,. .. 
It. 
·~· 
- ,_ - - - - - - ---
\~. 
,~-
1: 
22. 
howeve-r, the diodes are not perfectly matched, the one with 
the lowest capacitance will switch first as can be seen from --
Equation (6). The switching of this diode will induce a pulse 
of opposite polarity to the pulse att~mpting to switch the 
other four diodes. Thus the voltage on these diodes will be 
reduced below the necessary V3- V1. This requires a switch-
ing pulse of duration of the order of tR, the diode switching 
time.. Too lo.ng a pulse or too much voltage will set. more 
than one diode. 
,: 
-~ 
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IV, Experimental Results. 
It was found that it was necessary to shield the 
circuit due to the electrical noise present in the labora-. 
tory. When shielded, stable operation was easily achieved 
and this stability was found to be time-independent; that 
is, the circuit was allowed to operate for several hours 
without interruption and at the end of this period its 
operation was observed to be normal. Without the shielding 
' ' 
,, stable operation over more than a few minutes was not 
possible. 
The values of components obtained from the graphs and 
equations in the previous section were found to work quite 
well and exactly as predic·ted-. The extreme simplicity of 
this circuit is slightly misleading since a mistaken value 
of almost any component in the circuit will prevent opera-
tion and may in fact damage the tunnel diodes or avalanche 
( 
transistor. Thi~ became painfully evident doing the initial 
phases of this project. 
For this circuit to be of practical use it must be 
stable, that is, divide by the same value. for a speci.fied 
·, ·-··--
. ,_ range-of input pul~ repeti tiOI?-_. rat .. ~,. ippu~ .. Ptil~e. _ampli.tµdst, _ ...... -
- ~-·· -· ·- -... .._. . ~ ~tk,,,..,.,,,. - .. ~ .. -..,.,...~ . . .... , .. ' . 
supply voltage regulationi and temperatures. 
_. 
The frequency response of the circuit is theoretically 
..... ..~.. . : -- . '.. . . .. - .- determined by the. switching tim.e of the tunnel diodes, the 
dele.y time ... unti.1 ... Q1 avalanches, and the ___ re.a .. et time of the 
diodes. Assuming the tunnel diodes resetting time to be ta, 
the switching time, and VA to be about one nanosecond, it 
·/ 
"·· -·· 
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was expected to have a reset time of two nanoseconds from 
the time of the fifth or_,,. sixth pulse. Due to the extreme 
speed of the switching pulses 1 and reset pulse, it was 
difficult to observe the reset operation. Using a 
Tektronics Type, 3576 sampling unit plug in, it was estimated 
that the reset time was on the order of 1.5 to 2 nanoseconds. 
This agrees well with the predicted value. Due to the lack 
-
of a high frequency. pulse generator, it was no-t possible to 
operate the circuit in excess of 100 Kilocycles, which is 
far below the theoretical limit of several hundred mega-
cycles. Extremelyistable operation was obtained from 
100 cps -to 100:~ 000 cps in both the + 5 and + 6 modes. The 
only restriction in this test was that the input voltage 
remain constant. The input pulses were of two to twenty 
nanosecond .duration and produced by a Tektronics Type 111 
Pretrigger Generator. The length of the pulse determines to 
, .. 
a large extent the input voltage needed to trigger the 
.. 
diodeso With bias voltages chosen as to cause division by 
l 
five to occur, it was.found that input voltages of 17 to 20 
volts would trigger the circuit. Voltages below 17 volts 
ca~sed · intermi t~enj -o-E~!3ration. - ~- - - - -
~--· "'"='• "'T'l.• .-. ... ., •4#.. --~• ...-·.-·••· 
. . . . . ·:.• .. ,. . . . .. . . . . . . . . , . . . .. . . .. .. ... . . .. .. .. -
:, .... .. . . .. "·''.• . ~ ' 
One of the most .critical parameters in the circuit was 
supply vol tag·e-~ Swings ol'. great el' than ~--~O~ 98--.. v:Ctlt.s .. around 
_ __ . . .. the·· supply voltage, V cc, cause-d the circuit to malfunction. 
-- ·- -- - -- .. _ _.-:· _..._ - - --·· ·-· ·- ·- ·-- --· -· - ,, .. - -- ' 
Overvoltages caused division by a smaller number than five 
and undervoltages caused intermittent operation. Too much 
.# •• #~., ., _____ 4-·- ..... _ ·- - -
overvoltage forced Ql into continuous avalanche, thus pre-
venting· any type of operation. 
----~ 
.. · \t_./ 
. . :• -.-; ........ . 
. ._ .... ":' .. : _;,,,· .. 
.. 
(;Jc·:•.(;·_:,.-,,.;;~;~·b-;:;.:.,.~~~------ .. -.,_ ------~-·~·· .... -·~·-·--·" .. 
.28. 
-The circuit is extremely temperature sensitive with 
. 
continuous stable operation unlikely above 29° C and opera-
tion of any_ type impossible above 30° c. This is due to the 
-
temperature sensitivity of the avalanche effect and may 
possibly be lessened by a small emitter resistance. 
. Division by factors iess than five is possible if the r . ~ 
input, voltage is large enough or i.f the duration is long 
---··----------·--------.. ---·--·_ -------·-- --enough to switch twe diodes. Reliable e "'era·· t ion was e\...•aitl"\·ed ---------···· ---·-------··- ---·-·· ------ ----. - ·- · -- · - ·· -· - -~- ·- - · ··- - -· ·- -·-· · ·· · . . . Uu --- . .L~ -· - ·---
. .J" 
.. ~. 
.,__._,_ ~ .... -" s.· ••. 
_,. 
with a four to one division ratio. 
The circuit on which all of the above measurements was 
made is shown in Figure 15 • 
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V. Frequency Divider System. 
As explained in the preceeding sections, there are 
definite requirements o~ the system into which the tunnel 
.. 
30. 
diode pulse counter is to be employed. These requirements 
are: 
and 
( 1) The. pulse duration must be on the order 
of tR. , 
( 2) Amp.11 tude of input pulse must be constant 
for all repetition rates. 
(3) The doCo bias voltag~s must be stable. 
She.rt duration constant-amplitude pulses are difficult 
to obtain but may be ob.tained through the use of an avala~che 
transistor. As explained in Appendix A, these transistors 
are capable of producing high voltage, fast rise time pulses 
of the order necessary to trigger the diode counter. 
Constant d.c. bias may be obtained through the use of 
zener diode regulation or by the use of very stable power 
supplies. 
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Avalanche Transistor Operation. 
/ The term "Avalanche Transistor" is commonly applied to 
¢ 
transistors which display a discontinuous voltage breakdown 
characteristic. This discontinuous voltage breakdown occurs 
in two ways: ' 
(1) Junction Punch-Through 
- -- -- -- ----- ------ --~ --- ----- - --- --- - - -- --- --- --- --- ----~---<"-- - -
and (2) Avalanche Multiplication 
A reverse-biased p-n junction has a region near the 
junction which is essentially depleted of mobile charge 
carriers. This depletion region is shown schematically in 
Figure Al. The width of this region can be easily calculated 
from the differential form of Poisson• a equation.CB) 
. 
where: 
= f 
~ 
D = Electric flux \ 
f = Net charge density in volume 
being considered 
(Al) 
In the cai~ of the one-dimensional transistor ju~ction where 
the dielectric constant E ::: \\E-0 is a constant. 
(A2) 
.·. :, ·-:--
--~- For the 
Ji!lll!,, .....-. ... ,,.,..'4, ... , ~ ....... ~· .. 
where: 
= q (Nn - NA+ p - n) 
Nn -~ donor density 
NA= acceptor density 
= hole density 
= electron density 
,q electronic charge 
/ 
·, 
(!3) 
·.~· 
--·-·-----
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then by direct substitutionJ 
. d E. = j, ( Nn - NA + p - n) 
d y. e ... 
(A4) 
If it is assumed that there are no voltage drops in the 
semiconductor material outside of the depletion region, then: 
where: 
4> + VBc = S E. dx 
Wo . 
~ = Diffusion potential due to contact 
of p and n materials. 
(A5) 
- - - .. -----·--··~-·--··-·-···-- .. -··-··-----. 
, •.... _ .. ~ 
... 
,.- . 
- ------ --- ------- -- . - -. - ~ .. . ... ~-~--.. -
VBc = Applied Base to Collector Voltage 
Wn = Width of Depletion Region 
In general, 
Therefore Equation (A5) simplifies to 
VBC ~ s E. cl¥. 
""0 
(A6) 
(A7) · 
In alloy transistors, f is essentially constant in the 
depletion region since p = o, n = o, and Nn and NA are fixed. 
by the doping of the semiconductor material. Then integrat-
ing Equation (A2) yields, 
E = ~ X (AS). G 
Substituting (A8) into (A7) yields, 
-~ -· . ~- V"'BC'"_...._ 5 p J- d. )( 
- . w, "2-
v - r:, \J\/o 
BC - , 2e: 
WD = ( 2 e-)Y2. V. ~ p 6C 
· ...... · -: : .·:r:.::-.. 
(A9) 
(!10) 
(All) 
This last equation, (All), is the commonly used depletion 
region width for the· step junction • 
.) 
. " ' .· .·.' ·.· 
'··--··«--------______.,_-· . -· -
;,., ·· ...... ·.·_. __ .,_._ 
' . . . ·~, .... ~---- ££ ... Ji. -""·' iii.Pl .,. •. ,WI "lll'tl'llkdsl:I • -~·- ~11111!1 
' 
When the width of the depletion region exceeds the 
physical width of the base region, the condition called 
' ' . 
"Punch-Through" occurs and the transistor becomes a low 
impedance circuit. This low impedance is due to the fact 
that current may flow from the emitter contact to the 
I: I 
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f /'~,,~ -~) collector limited only by the resistance of the semi con-, 
ductor material and the external circuit resistance. In 
the case of voltage punch-through., current is carried by 
majority carriers whereas in normal transistor action the 
' 
current is c~rried by minority carriers •. 
In addition to the reverse bias increasing the width 
of the depletion region, this voltage imparts additional 
~inetic energy to any mobile charge carriers which should be 
present in the depletion region. As these mobile charge 
carriers move with increasing velocity toward the emitter or 
collector region (depending on polarity), they strike bound 
-
valence electrons and produce the avalanche multiplication 
effecto Mobile charge carriers are always present in the 
depletion region due to thermal generation of hole-electron 
pairs and need only a certain minimum electric field strength 
D to produce avalanche multiplication. The breakdown due to 
avalanche multiplication is due to a regenerative multipli-
cation effecto As the carrier moves toward the emitter or 
collector region, there is a finite probability that it will 
strike a valence electron producing a hole-electron ~air. 
This pair in turn may repeat the pr·ocess and produce a 
regenerative(e~fect. If the multipiication factor is called 
.-
. , 
M, i( is seen that M tends to infinity as avalanche 
·progresses. 
35 • 
A design equation for the avalanche voltage of a p - n 
junction is:(9} 
(Al2) 
where in this case 
fn = resisti.vity of semiconductor material 
· ·· '!'he multiplication f a.ctor M is, ( lO) 
- ' . 
\- (Al3) 
where n is a parameter of the semiconductor material which 
varies with the resistivity and ranges from n = 2 ton= 6. 
Collector current is a function of emitter current 
with the two related by the current gain, 0( , of the 
transistor. 
Ie -
When avalanche 
-
-
Ic -
a(o I e. 
multiplication 
t-J\ o( 0 
\V\ a(o I.e. 
occurs, 
(Al4) 
(Al.5) 
(Al6) 
I l 
As can be seen from Equation (Al3) when v8c= VB, the 
multiplication factor, M, goes to infinity. This gives the 
-transistor infinite current gain. 
Since the junction is reverse-biased to the point where 
the depletion region has almost completely extended over the 
" 
entire width of the base region, the di-stance which charge 
carriers must traverse is very short and the rist time of the 
----------
----------------------- -
...... -
'/ 
.. ' . - ·' ~· .. "-· ·--.-.... ' '' ... . 
.. 
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transistor is extremely short. Thus high currents of short 
rise time may be attained. Current rise time~ of the order 
·~ 
of one ampere per nanosecond are not uncommon. 
Both punch-through and avalanche breakdown are non-
. . 
destructive in themselves. Damage to the junction may 
occur, however, if the power dissipation of the transistor 
is exceeded. If the current is limited by the external 
circu~t and the duty cycle kept low, large instantaneous 
powers may be safely handled by the transistor. 
An equivalent circuit may be constructed for a trans-
istor operating in the avalanche made from the previous 
description. Since the base-emitter junction is forward-
biased, it may be represented by a small resistance, the 
value of this resistance depending on the doping of the 
semiconductor material. The base-collector junction being 
' heavily reverse-biased is essentially a capacitance. When 
the transistor enters the avalanche mode, large currents 
may be,""p.rawn from it. Thus this effect may be represented 
' ~.1--... ~ 
... 
by a switched voltage sourceo This equivalent circuit along 
with the actual circuit is shown in Figure A-2. The emitter 
resistance is small compared to other _circuit parameters and 
' is considered to be negligible. Typical collector capaci-
tance is on the order of ten picafarads. 
As would be expected, the avalanche mechanism is 
sensitive to temperature. Macario)lO) has found that for a 
wide range of samples, VB obeys the empirical relationship, 
, where: 
and 
-
V~ is the breakdown voltage at o° C 
T is the temperature in degrees C 
Y= 0.12 
37. 
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40. 
Tunnel.Diode Operation. 
The mechan~~m which explains tunnel diode operation 
was discovered in 1957 by Dr. Leo Esaki in Japan. While 
studying avalanche breakdown in heavily doped germanium 
diodes he noticed a negative resistance region in the for-
ward bias portion of the voltage-current characteristics. 
He reported his findings in a letter to the Physical Review 
--- --- -- --· -------------------1rf Jan ti e.ry , 195 8 • ( 12 J 
The characteristicspof the tunnel diode are derived 
from the propagation of electron waves across the depletion 
region of a p - n junction and the normal forward bias 
characteristics of this junction. The voltage-current 
·-characteristics from Schrodinger's wave equation is beyond 
the scope of this paper and the diode characteristics will 
be explained only in a qualitative manner. 
The voltage-current characteristics of the tunnel 
diode are plotted in Figure B-1. The portion from the point 
marked Vv can be explained by the voltage-current character-
istics of a forward-biased diode. The portion of the curve 
from the zero point to Vv is due to tunneling of electron 
.. waves through the energy gap between the n t.ype region ma-
.. .. ; ~' . ·. 
l • •• 
terial. The heavily doped di·ode is in the reverse biased 
region up to point Vv• A more complete explanation of this 
may be found in References (1) and (13). 
Of greater interest to this paper is the ract that a 
device with such a characteristic exhibits two stable stat'es. 
Any point on the first positive resistance region is stable, 
------ -
. 
. ~ 
_ .. -' 
/' 
/ 
/ 
''· 
~ 
/' 
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as is any point on the second positive resistance portion. 
Thus the tunnel diode is a bistable memory element. Its 
switching time may be computed for a horizontal load line 
of current Ip. 
Let C be ·the effective shunt capacitance of a tunnel 
diode, · 
then CV = Q (Bl) 
- - ------ . -.-------~ -
- -- ~ ----------- --- ---- ------ - - --- " it .• 
A Q -= C AV (B2) 
' 
' The amount of current needed to produce this OQ in time At 
is, 
·AI = .nQ 
At 
The maximum permissible 
/l I = Ip 
- Iv 
' 
-Thus, 
Ip- Iv =AQ 
At 
Ip - Iv = CAV 
At 
(B3) 
current change available is, 
(B4) 
(B5) 
( B6) · 
~ 
The two stable voltage points with ·this horizontal load line 
are Vp and V fp. Thus, 
Ip - Iv = C ( V fp - V p ) 
At ' 
(B7) 
and therefore the switching time At is 
At = C (V fp - Vp ) (B8) 
Ip - Iv 
It can be seen from Figure B-1 that any load line lower than 
Ip will require an initial time to raise the current to Ip 
before the diode switches. Thus, Ip is the best load line 
-~ 
- ------
from switching cons1derat1ons. In practice since power 
supplies are not perfectly stable, the diode is biased 
slightly below this point. 
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